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Abstract

Selection of a suitable habitat by animals before settlement is critical for their survival and reproduction. In silk-spinning arthropods like spider
mites, denser webs offer protection from predation and serve as a dispersal mode. Settling in habitats with the presence of conspecifics and
silk webs can benefit the habitat-searching females. Silk and conspecifics usually coexist, but their distinct effects on female colonization have
received little attention. In this study, we used a haplodiploid spider mite, Tetranychus ludeni Zacher (Acari: Tetranychidae), to examine the impact
of conspecific cues, including cues from ovipositing conspecifics and silk, on habitat selection and subsequent reproductive performance of
females. Results show that females significantly preferred habitats with cues from neighboring conspecifics and silk and neighboring conspecif-
ics induced additive effect to that of silk on habitat selection. Conspecific cues did not boost female reproduction but facilitated females laying
larger eggs that were more likely to be fertilized and to develop into daughters. When given a choice between silk-covered and clean habitats,
females preferred silk-covered habitats, laid a similar number of eggs with similar size, but produced more daughters, suggesting that T /udeni
females can adjust the size threshold for fertilization in response to the current social environment. Knowledge of this study improves our under

standing of spider mite habitat selection and post-settlement reproductive performance behaviors.
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Habitat selection, the phenomenon by which individuals decide
to use or settle in a given site, is certainly important for growth,
survival, and reproduction (Vollrath 1987; Reed and Dobson
1993; Vinson 1998; Schuck-Paim and Alonso 2001; Fletcher
and Miller 2008; Clotuche et al. 2013a). Habitat selection by
animals is not random. Much evidence suggests that animals
select habitats by using information such as tactile, visual, acous-
tic, or chemical cues to explicitly assess habitat quality (Godfray
1994; Schmidt et al. 2010; Aquino et al. 2012; Buxton et al.
2020; Bowen-MacLean et al. 2021). It is frequently reported that
social species may use multiple conspecific cues for breeding-
site selection (Reed and Dobson 1993), because settling near
conspecifics brings various benefits including reduced searching
costs (Fletcher 2006) and incidental assessment of habitat qual-
ity (Doligez et al. 2003), and increasing fitness gains through the
Allee effect (i.e., positive correlation between population density
and fitness of individuals) (Courchamp et al. 2008; Astudillo
Fernandez et al. 2012a, 2012b).

In silk-spinning arthropods, silken threads are indicative of
the presence of conspecifics and thus can be used as a social
cue for group cohesion or for selection of a place to live (Saffre
etal. 1999; Schuck-Paim and Alonso 2001; Bernard and Krafft
2002; Despland and Le Huu 2007; Yano 2012; Clotuche
et al. 2014). Spider mites from genus Tetranychus produce
silk webs while walking (Saito 1977; Clotuche et al. 2012a).
The dense webs may protect mites from predation (McMurtry

et al. 1970; Sabelis 1985; Tien et al. 2009; Dittmann and
Schausberger 2017), bad weather conditions (Davis 1952;
Linke 1953) and pesticides (McMurtry et al. 1970) and serve
as modes of dispersal (Saito 1977; Gerson 1985; Yano 2008;
Clotuche et al. 2013b). Additionally, silk may act as the sub-
strate for sex pheromones (McGregor 1950; Saito 1977,
1979; Sabelis 1985; Sabelis and Bakker 1992; Zhang et al.
2002; Yano 2008; Clotuche et al. 2009, 2011, 2012b, 2014;
Tien et al. 2009; Le Goff 2011). Moreover, as spinning silk
is costly due to energy and protein expenditure (Hazan et al.
1974), mothers living on leaves over which silk is already
present may minimize their silk production and allocate
more resources to reproduction (Oku et al. 2009; Le Goff
et al. 2010) and survival (Le Goff et al. 2010; Yano 2012).
Considering the given benefits, spider mites usually tend to
settle in the presence of conspecifics and their silk directly by
perceiving visual and olfactory cues emitted by ovipositing
conspecifics and/or indirectly by tracking olfactory cues from
feces and silk (Royalty et al. 1993; Clotuche 2011; Le Goff
2011; Bowen-MacLean et al. 2021; Schausberger et al. 2021).
Nevertheless, in nature, conspecifics and silk usually exist
concurrently; whether they have distinct effects on settlement
and reproduction of colonizers has received little attention.
Furthermore, the behavioral responses of spider mites are
usually stronger in the presence of multiple cues than that of
an individual cue alone (Azandémeé-Hounmalon et al. 2016).
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Spider mites usually colonize and feed on the underside
of leaves of host plants by piercing cells and extracting cell
contents (Dhooria 2016), leading to scramble competition for
food resources (Krips et al. 1998). Aggregating in a habitat
may induce overcrowding conditions which will accelerate
food depletion in the natal environment (Krips et al. 1998;
Clotuche et al. 2011; Bitume et al. 2013). Therefore, females
must develop strategies to minimize resource competition
with conspecifics and their offspring. Tetranychus spp. are
haplodiploid species, mated females raise haploid sons from
unfertilized eggs and diploid daughters through fertilized eggs
(Young et al. 1986; Macke et al. 2011; Zhou et al. 2018). They
are capable of manipulating offspring sex ratio by adjusting
egg size and fertilizing larger eggs that develop into daugh-
ters (Macke et al. 2011, 2012; Weerawansha et al. 2022),
or through sex allocation distortion by Wolbachia bacteria,
which is driven by increasing egg size, hereby promoting egg
fertilization (Wybouw et al. 2023). In spider mites, females
usually mate at emergence and then disperse from the dense
environments (Brandenburg and Kennedy 1982; Boykin
and Campbell 1984; Margolies and Kennedy 1985; Li and
Margolies 1993; Yano 2004; Osakabe et al. 2008; Clotuche
et al. 2013c¢). Tetranychus species have a high female-biased
sex ratio, which will reduce the intensity of local mate com-
petition and local resource competition (Macke et al. 2012;
Weerawansha et al. 2023). Yet, it remains unclear whether
and how females adjust offspring sex ratio in response to
socio-environmental cues in their surroundings.

Here, we used the spider mite, Tetranychus ludeni Zacher,
as a model species to examine whether the settlement and
reproductive performance of mated females were influenced
by the presence of conspecific cues. Based on the knowledge
outlined above, we tested two hypotheses that 1) females are
more likely to settle, lay more eggs, and produce a higher
female-biased offspring sex ratio in habitats covered with
conspecific silk compared with the clean ones (i.e., no silk
and no conspecifics), and 2) females tend to settle, lay more
eggs, and produce a higher female-biased offspring sex ratio
on silk-covered habitats with conspecifics occupying the
neighboring habitats, compared with the silk-covered or clean
habitats. The results of this study are anticipated to enhance
our understanding of the mechanisms of habitat selection and
the post-settlement reproductive performance of silk-spinning
arthropods.

Materials and Methods

Mite colony and experimental conditions

We started a colony of T. ludeni by collecting adults on
FPassiflora mollissima Kunth (Malpighiales: Passifloraceae) in
Palmerston North, New Zealand, and reared them on com-
mon bean plants Phaseolus vulgaris L. (Fabales: Fabaceae)
grown in pots. We used the first expanded leaves of 1- to
2-week-old plants for the experiment. The colony was main-
tained, and experiments were conducted under environ-
mental conditions of 25 +1 °C, 40 = 10% RH, and 16:8 h
(light:dark) photoperiod.

Preparation of mites for experiments

To obtain mated females for the experiment, we haphaz-
ardly collected 50 female deutonymphs from the colony
and introduced them onto a bean leaf square (2 cm x 2 ¢cm)
placed on a water-saturated cotton pad in a Petri dish (9.5 cm
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diameter x 1.0 cm height) with a mesh-covered ventilation
hole (1.0 cm diameter) in the lid. Deutonymphs were allowed
to develop to the quiescent stage. We then introduced 15
newly emerged male adults produced by virgin females onto
the leaf square. We maintained these mites for 24 h to allow
mating to occur on female emergence. The mated females
were then employed for the experiment. Sixty such Petri
dishes were prepared for the experiment. We obtained about
2,500 mated female adults from those dishes.

Experimental procedures

To test the effects of the presence of conspecific cues on mated
female dispersal and reproduction, we set up 3 habitat selec-
tion treatments: (1) Silk vs. NoCue, females were offered a
choice of 2 habitats, 1 with silk (Silk) and another with no
cue (NoCue) (Figure 1A); (2) Silk+Consps vs. NoCue, females
were offered a choice of 2 habitats, 1 with silk and § neigh-
boring conspecifics (Silk + Consps) and another with no cue
(NoCue) (Figure 1B), and (3) Silk+Consps vs. Silk, females
were offered a choice of 2 habitats, 1 with silk and 5 neigh-
boring conspecifics (Silk+Consps) and another with silk (Silk)
(Figure 1C). There were 20 replicates for each treatment.
The experimental females and neighboring conspecifics were
prepared as mentioned above, and they were haphazardly
selected with the same age (i.e., 1 day old) when used for the
experiment.

To obtain a “silk-covered” section, we introduced 15 mated
females prepared as mentioned above onto a leaf square
(4 cm x 4.6 cm) placed upside down on a water-saturated
cotton pad in an above Petri dish, and allowed them to
deposit silk for 24 h (Figure 1, top dish), after which time we
removed the females, eggs, and feces using a fine brush. The
“silk-covered” leaf square was then split into 2 equal sections
(4 cm x 2.2 cm) by cutting off a 2-mm-wide leaf strip using a
knife along its mid-plane, so that the water-saturated cotton
pad could support the parafilm square (1 cm x 1 cm) from
which the test females selected and dispersed to either hab-
itat (Figure 1A-C). To ensure a clean leaf surface devoid of
conspecific cues from silk and feces (Figure 1A,B), we metic-
ulously washed 1 of the 2 leaf sections with distilled water
and a fine hairbrush, and then left the washed section to air-
dry for 1 h in the laboratory. These processes aimed to mini-
mize the difference in leaf quality between the “silk-covered”
and clean leaf sections due to mite feeding. Each leaf section
was further divided into 2 equal sub-sections (4 cm x 1 ¢cm)
(Figure 1A,B). This division was achieved by cutting off a
2-mm-wide leaf strip from one-fourth the length of one side
of the original leaf square (Figure 1A-C). Depending on
the treatment, we introduced 5 mated females onto the far
neighboring leaf sub-section creating the habitat condition
of presence of conspecifics (Figure 1B and C). We placed a
parafilm square in the center that bridged the 2 neighbor-
ing leaf sub-sections (Figure 1A-C). We then introduced 15
mated females onto the parafilm square and allowed them
to disperse and settle on the 2 inner neighboring leaf sub-
sections (Figure 1A-C) without any physical contact with the
neighboring conspecifics (Figure 1B and C). After 24 h, we
counted and recorded the number of dispersed individuals
that finally settled on each of neighboring leaf sub-sections.
For each replicate, we calculated the overall dispersal rate
(i.e., proportion of females dispersed) as the number of dis-
persed females/total number of test females (i.e., 7 = 15), and
habitat selection (i.e., proportion of dispersed females settling
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Treatment 1
Silk vs. NoCue

silk | silk | cue | cue

silk B silk | silk |} silk

Treatment 3
Silk+Consps vs. Silk

Treatment 2
Silk+Consps vs. NoCue

Figure 1. Diagram of experimental design to test the effects of presence of conspecific cues on habitat selection and reproduction of Tetranychus
ludeni females. The test females were able to detect cues from the far leaf sub-sections but unable to settle on these sub-sections.

on a habitat) as the number of females settling on a selected
habitat/total number of dispersed females. To eliminate the
variance between treatments caused by individual mites from
different batches, 3-5 replications of each treatment were
daily performed simultaneously.

To test whether the selected habitat environment affect-
ing the subsequent reproductive fitness of mated females, we
removed parafilm bridges after counting the number of dis-
persers and separated the cotton pad in the Petri dish into 2
equal halves by cutting along its mid-vertical line using scis-
sors while keeping the leaf sections (i.e., one inner and one
outer sub-sections) intact. We then transferred each half of
the cotton pad along with the dispersed mites and its adja-
cent leaf sub-section containing 5 conspecifics, no cue or silk
onto a new Petri dish. We allowed the females to oviposit in
situ for 5 days. We checked each Petri dish twice a day. The
total number of eggs laid in a selected habitat was counted.
Due to the different number of females settled on different
selected habitats, we also calculated the number of eggs laid
by a female on a habitat (i.e., total number of eggs laid on a
selected habitat/number of females settling on that habitat).
As egg size does not change before hatching (usually in 3 days
under the experimental conditions), we haphazardly selected
all or a maximum of 20 eggs from each test leaf section on

the 3rd day of oviposition and measured the egg diameter
under a stereomicroscope (Leica MZ12, Germany) connected
to a digital camera (Olympus SC30, Japan) and an imag-
ing software (CellSens® GS-ST-V1.7, Olympus, Japan). We
then calculated the egg size (volume =4/3nr?), where 7 is the
radius (= diameter/2). The larvae hatching from the eggs were
allowed to feed in situ; after developing into protonymphs
they were transferred onto a clean leaf square (2 cm x 2 cm),
where they developed into adults. Newly emerged adults were
sexed and removed from the leaf square daily. We calculated
the offspring sex ratio (i.e., proportion of daughters) as the
number of daughters/total number of offspring, and imma-
ture survival rate as the number of eggs laid/total number of
offspring.

Statistical analysis

We analyzed all data using SAS 9.4 (SAS Institute Inc., Cary,
NC). Data on the percentage of mated females dispersing
from the parafilm square to any habitat in the 3 exper-
imental settings (treatments) (Figure 2A) were analyzed
using a generalized linear model with a Logit function
and a binomial distribution (GLIMMIX procedure). Their
differences were multiply compared using an adjusted-
Tukey test. Data on habitat selection (Figure 2B), number
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Figure 2. Effects of presence of conspecific cues on female dispersal (A) and habitat selection (B) in Tetranychus ludeni. n.s. indicates non-significant

difference (P> 0.05), and * indicates significant difference (P < 0.05).

of eggs laid per female, total number of eggs laid in a
selected habitat, egg size, offspring sex ratio (proportion of
daughters) (Figure 3), and immature survival rate (Figure
4) were normally distributed (Shapiro-Wilk test, univari-
ate procedure). As these parameters were paired datasets
within each replicate of a given treatment, the difference
between the 2 selected habitats was compared using a
paired-t test (TTEST procedure).

Results

Dispersal and settlement

Among the test individuals, the percentage of mites dis-
persing from the parafilm square was not significantly dif-
ferent between the three experimental settings (F, ;, = 0.45,
P =0.6384) (Figure 2A). However, among the dispersers, sig-
nificantly more females selected and settled in habitats with
the presence of neighboring conspecifics and/or silk, i.e., they
preferred Silk to NoCue habitat in treatment Silk vs. NoCue
(t,,=4.45, P=0.0003), preferred Silk + Consps to NoCue
habitat in treatment Silk + Consps vs. NoCue (t,,=5.97,
P <0.0001), and preferred Silk + Consps to Silk habitat
in treatment Silk + Consps vs. Silk (¢,,=5.70, P <0.0001)
(Figure 2B).

Reproduction

The number of eggs laid by a female after settling in a
selected habitat was not significantly influenced by the pres-
ence of conspecific cues (t,,=-0.98, P=0.3379 for Silk vs.
NoCue; t,,=-0.47, P = 0.6424 for Silk + Consps vs. NoCue;

t,=-1.94, P=0.0676 for Silk + Consps vs. Silk) (Figure

3A). However, due to significantly more females settling in
habitats with the presence of conspecific cues (Figure 2B),
the total number of eggs laid in the preferred habitats was
significantly higher, i.e., Silk > NoCue in treatment Silk vs.
NoCue (t,=15.13, P<0.0001), Silk + Consps > NoCue in
treatment Silk + Consps vs. NoCue (¢, =6.75, P <0.0001),
and Silk + Consps > Silk in treatment Silk + Consps vs. Silk
(t,, = 6.48, P <0.0001) (Figure 3B).

Silk cue alone had no significant effect on egg size com-
pared with NoCue (¢,=0.83, P=0.4169) (Figure 3C);
however, eggs laid by females in habitats with multiple
conspecific cues were significantly larger than that with no
cue (t,,=4.83, P <0.0001) or with silk cue only (¢,,=35.29,
P <0.0001) (Figure 3C). The proportion of daughters was
significantly higher in habitats with the presence of conspe-
cifics and/or silk cue, i.e., Silk > NoCue in treatment Silk vs.
NoCue (t,=15.06, P <0.0001), Silk + Consps > NoCue in
treatment Silk + Consps vs. NoCue (¢, = 10.00, P < 0.0001),
and Silk + Consps > Silk in treatment Silk + Consps vs. Silk
(t,, = 6.04, P <0.0001) (Figure 3D).

Conspecific cues had no significant effect on the imma-
ture survival (¢, = -1.98, P = 0.0629 for Silk vs. NoCue; #,
= 1.12, P =0.2779 for Silk + Consps vs. NoCue; t,, = 0.19,
P =0.8506 for Silk + Consps vs. Silk) (Figure 4).

Discussion

In the present study, we differentiated the effects of silk and
neighboring conspecifics on habitat selection in spider mite
females. We demonstrate that although T. ludeni females
had similar possibility to disperse regardless of experimental
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Figure 3. Effects of presence of conspecific cues on number of eggs laid per dispersed female (A), total number of eggs (B), egg size (C), and
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settings (Figure 2A), they significantly preferred habitats
with conspecific cues, either from silk alone or silk along
with additional conspecifics in neighboring habitats, for
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settlement (Figure 2B). It has long been recognized that in
many web-building species, including spider mites, the pres-
ence of conspecifics and webs can increase the probability of
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Figure 4. Effects of presence of conspecific cues on immature survival in Tetranychus ludeni. n.s. indicates non-significant difference (P> 0.05).

settlement (Enders 1977; Leborgne and Pasquet 1987a,1987b;
Hodge and Storfer-Isser 1997; Schuck-Paim and Alonso
2001; Buxton et al. 2020; Schausberger et al. 2021). We show
that when given a choice between Silk and NoCue habitats,
T. ludeni females were more likely to select the silk-covered
habitats (Figure 2B). This aligns with previous observations
that cues from silk are sufficient to induce conspecific aggre-
gation in spider mites (Yano 2008; Clotuche 2011, 2012a,
2012b, 2014; Carr and Roe 2016). However, silk may not
always be the main cause of aggregation displayed by spider
mites (Astudillo Fernandez et al. 2012a), because silk only pro-
vides short-term indirect positive feedback including recruit-
ment and arrestment (Van Impe 1985; Le Goff et al. 2010).
We further reveal that when provided the Silk + Consps and
Silk habitats for choice, females significantly preferred the for-
mer for settlement (Figure 2B), suggesting that the presence of
conspecific cues from ovipositing females in the neighboring
habitat induced an additive effect to that of Silk cue on habi-
tat selection in T. ludeni. Previous studies also reveal that the
presence of conspecifics predominantly influences spider mite
dispersal and settlement (Reed and Dobson 1993; Stamps
1994; Stephens and Sutherland 1999), because of the longer-
term direct positive feedback through Allee effects, such as
higher reproduction and survival in groups (Van Impe 1985;
Le Goff et al. 2010; Astudillo Fernandez et al. 2012a, 2012b).

It is known that producing silk in spider mites involves
costs of expenditure in energy, protein, and amino acids
(Hazan et al. 1974), thus settling on webs that are previously
constructed may allow females to save resources and allocate
them to egg production (Oku et al. 2009). In this sense, females
are expected to lay more eggs in habitats with the presence
of conspecifics and webs (Le Goff et al. 2010). Surprisingly,
in this study, the presence of conspecific cues did not elevate
female fecundity (Figure 3A). Alternately, we show that due
to more females settling in habitats with the presence of con-
specific cues (Figure 2B), eggs laid in the preferred habitats
were significantly higher (Figure 3B). The results may have 2
implications. First, aggregating females adjust their reproduc-
tive strategies by restraining their reproductive output due to
the increasing population size and density (Krips et al. 1998;
Clotuche 2011; Bitume et al. 2013). Second, aggregating in
a large group may also entail costs on foraging and feeding
efficiency because of the interference among group members

(Bilde et al. 2007; Estevez et al. 2007; Grove 2012; Wong
et al. 2013; Li and Zhang 2021; Tinsley Johnson et al. 2021)
which may also restrain female fecundity. Females restrain-
ing reproductive output (Figure 3A) in habitats with high egg
density (Figure 3B) might reduce future food competition and
subsequently ensure offspring survival (Figure 4).

Although conspecific cues did not elevate fecundity (Figure
3A), females aggregated in Silk + Consps habitats significantly
increased egg size (Figure 3C) and produced a significantly
higher female-biased offspring sex ratio in response to the pres-
ence of conspecific cues (Figure 3A). These results indicate that
T. ludeni females facultatively manipulated offspring sex allo-
cation by adjusting egg size in response to the conspecific cues.
Previous studies on spider mites have demonstrated that mated
females are more likely to fertilize larger eggs that develop into
daughters (Macke et al. 2011, 2012; Weerawansha et al. 2022)
and produce a higher female-biased sex ratio in the larger and
denser populations (Weerawansha et al. 2023). Producing more
daughters by the females that aggregate in clusters may decrease
resource competition with their offspring because daughters
usually mate at emergence and then disperse from the dense
environmental conditions (Brandenburg and Kennedy 1982;
Boykin and Campbell 1984; Margolies and Kennedy 1985; Li
and Margolies 1993; Yano 2004; Osakabe et al. 2008; Clotuche
et al. 2013a). Moreover, a female-biased sex ratio of offspring
may minimize the local mate competition between sons (Macke
etal. 2012; Weerawansha et al. 2023) when females aggregate in
habitats with conspecific cues.

Additionally, our results reveal that when provided a choice
between Silk and NoCue habitats, the size of eggs laid by
females was similar (Figure 3C), but the proportion of daugh-
ters was significantly higher in the Silk habitat than that in the
NoCue one (Figure 3D). These results suggest that Silk alone
did not allow the aggregating females to allocate more nutri-
ents to produce larger eggs; however, ovipositing females may
be capable of adjusting the sex allocation strategy to fertilize
more eggs in the silk-covered and crowded habitat by lower-
ing the fertilization threshold, above which eggs are fertilized.
However, it is noted that the colony of T. ludeni was derived
from a field population, which might include both Wolbachia-
infected and -uninfected females. How Tetranychus females
adjust sex allocation in response to Wolbachia infection under
various social environments warrants future investigations.
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Overall, the study reveals that the habitat choice of
T. ludeni females is also influenced by the presence of con-
specifics. However, conspecific cues from ovipositing conspe-
cifics do not boost female fecundity, although they induce
the production of larger eggs that give rise to more daugh-
ters. Restraining fecundity while producing more daughters
could be the strategy to minimize resource competition and
interference among individuals. We also find that ovipositing
conspecifics impose an additive effect on Silk cue for habi-
tat selection by T. ludeni females. Females tend to settle on
silk-covered habitats over those with NoCue; although they
lay a similar number of eggs with similar sizes in both hab-
itats, but produce more daughters, suggesting that T. ludeni
females can adjust the size threshold for fertilization above
which eggs are fertilized. Knowledge of this study enhances
our understanding in the dispersal and reproductive strategies
of spider mites in response to the social environments.

Acknowledgements

We thank Professor Z-Q Zhang for the identification of this
spider mite species. We are also very grateful to the editor and
three anonymous reviewers for the constructive comments
on an earlier version, which have significantly improved this
article. This work was jointly funded by Accelerating Higher
Education Expansion and Development Project (AHEAD)
launched by the Sri Lankan Government under the funds of
the World Bank, and Massey University, New Zealand.

Authors’ Contributions

N.W., X.Z.H., and Q.W. conceived and designed the study;
N.W. collected the data. All authors contributed to data anal-
ysis and manuscript preparation.

Conflict of Interest

The authors declare they have no conflict of interest.

References

Astudillo Fernandez A,Hance T, Clotuche G, Mailleux A-C, Deneubourg
JL, 2012a. Testing for collective choices in the two-spotted spider
mite. Exp Appl Acarol 58:11-22.

Astudillo Fernandez A, Hance T, Deneubourg JL, 2012b. Interplay
between Allee effects and collective movement in metapopulations.
Oikos 121(6):813-822.

Azandéme-Hounmalon GY, Torto B, Fiaboe KKM, Subramanian S,
Kreiter S et al., 2016. Visual, vibratory, and olfactory cues affect
interactions between the red spider mite Tetranychus evansi and its
predator Phytoseiulus longipes. | Pest Sci 89:137-152.

Bernard A, Krafft B, 2002. The attraction of silk: base of group
cohesion and collective behavior in social spiders. CR Biol
325(11):1153-1157.

Bilde T, Coates KS, Birkhofer K, Bird T, Maklakov A et al., 2007. .
Survival benefits select for group living in a social spider despite
reproductive costs. | Evol Biol 20(6):2412-2426.

Bitume EV, Bonte D, Ronce O, Bach F, Flaven E et al., 2013. Density
and genetic relatedness increase dispersal distance in a subsocial
organism. Ecol Lett 16:430-437.

Bowen-MacLean GR, Scott CE, Hillier NK, 2021. Two-spotted spider
mites respond to chemical cues associated with conspecifics’ silk
when choosing a microhabitat. | Insect Behav 34:271-279.

Boykin LS, Campbell WV, 1984. Wind dispersal of the two-spotted spi-
der mite (Acari: Tetranychidae) in North Carolina peanut fields.
Environ Entomol 13:221-227.

Brandenburg RL, Kennedy GG, 1982. Intercrop relationships and spi-
der mite dispersal in a corn/peanut agro ecosystem. Entomol Exp
Appl 32:269-276.

Buxton VL, Enos JK, Sperry JH, Ward MP, 2020. A review of con-
specific attraction for habitat selection across taxa. Ecol Evol
10:12690-12699.

Carr AL, Roe M, 2016. Acarine attractants: chemoreception, bioassay,
chemistry and control. Pestic Biochem Physiol 131:60-79.

Clotuche G, 2011. The Silk as a Thread to Understand Social Behaviour
in the Weaving Mite Tetranychus urticae. Dissertation, University
of Louvain-la-Neuve, Belgium. 236.

Clotuche G, Deneubourg JL, Mailleux AC, Detrain C, Hance T, 2012b.
Discrimination through silk recognition: the case of the two-
spotted spider mite Tetranychus urticae. CR Biol 335(8):535-540.

Clotuche G, Goff GL, Mailleux A-C, Deneubourg J-L, Detrain C et al.,
2009. How to visualize the spider mite silk? Microsc Res Tech
72:659-664.

Clotuche G, Mailleux A-C, Astudillo Fernandez A, Deneubourg J-L,
Detrain C et al,. 2011. The formation of collective silk balls in the
spider mite Tetranychus urticae Koch. PLoS One 6:¢18854.

Clotuche G, Mailleux AC, Deneubourg JL, Detrain C, Hance T, 2012a.
The silk road of Tetranychus urticae: is it a single or a double lane?
Exp Appl Acarol 56(4):345-354.

Clotuche G, Mailleux AC, Yano S, Detrain C, Deneubourg JL et al.,
2013c. Settlement decisions by the two-spotted spider mite
Tetranychus urticae. CR Biol 336(2):93-101.

Clotuche G, Navajas M, Mailleux A-C, Hance T, 2013b. Reaching the
ball or missing the flight? Collective dispersal in the two-spotted
spider mite Tetranychus urticae. PLoS One 8:¢77573.

Clotuche G, Turlure C, Mailleux A-C, Detrain C, Hance T, 2013a.
Should I lay or should I wait? Egg-laying in the two-spotted spider
mite Tetranychus urticate Koch. Behav Processes 92:24-30.

Clotuche G, Yano S, Akino T, Amano H, 2014. Chemical investiga-
tion of aggregation behaviour in the two-spotted spider mite
Tetranychus urticae. Exp Appl Acarol 63:377-387.

Courchamp F, Berec L, Gascoigne ], 2008. Allee Effects in Ecology and
Conservation. Oxford: Oxford Academic. 272.

Davis DW,, 1952. Influence of population density on Tetranychus multi-
setis. | Econ Entomol 45:652-654.

Despland E, Le Huu A, 2007. Pros and cons of group living in the
forest tent caterpillar: separating the roles of silk and of grouping.
Entomol Exp Appl 122(2):181-189.

Dhooria MS, 2016. Fundamentals of Applied Acarology. Singapore:
Springer. 470.

Dittmann L, Schausberger P, 2017. Adaptive aggregation by spider
mites under predation risk. Sci Rep 7:10609.

Doligez B, Cadet C, Danchin E, Boulinier T, 2003. When to use pub-
lic information for breeding habitat selection? The role of envi-
ronmental predictability and density dependence. Anim Behav
66(5):973-988.

Enders E, 1977. Web-site selection by orb-web spiders, particularly
Argiope aurantia Lucas. Anim Behav 25:694-712.

Estevez I, Andersen I-L, Neevdal E, 2007. Group size, density and social
dynamics in farm animals. Appl Anim Bebav Sci 103(3-4):185-204.

Ferreira Santos de Aquino M, Dias AM, Borges M, Moraes MCB,
Laumann RA, 2012. Influence of visual cues on host-searching and
learning behaviour of the egg parasitoids Telenomus podisi and
Trissolcus basalis. Entomol Exp Appl 145(2):162-174.

FletcherR]r, 2006. Emergent properties of conspecific attraction in
fragmented landscapes. Am Nat 168(2):207-219.

Fletcher R Jr, Miller CW, 2008. The type and timing of social informa-
tion alters offspring production. Biol Lett 4:482-485.

Gerson U, 1985. Webbing. In: Helle W, Sabelis MW editors. Spider
Mites, Their Biology, Natural Enemies and Control. World Crop
Pests, Vol 1A. Amsterdam: Elsevier. 223-233.

Godfray HCJ, 1994. Parasitoids: Behavioral and Evolutionary Ecology
(Vol. 67). Princeton: Princeton University Press. 473.

Grove M, 2012. Space, time, and group size: a model of constraints on
primate social foraging. Anim Behav 83:411-419.



802

Hazan A, Gerson U, Tahori AS, 1974. Spider mite webbing I. — the
production of webbing under various environmental conditions.
Acarologia 16:68-84.

Hodge MA, Storfer-Isser A, 1997. Conspecific and heterospecific attrac-
tion: a mechanism of web-site selection leading to aggregation for-
mation by web-building spiders. Ethology 103(10):815-826.

Krips OE, Witul A, Willems PEL, Dicke M, 1998. Intrinsic rate of
population increase of the spider mite Tetranychus urticae on the
ornamental crop gerbera: intraspecific variation in host plant and
herbivore. Entomol Exp Appl 89:159-168.

Le Goff G, 2011. Benefits of Aggregation in Tetramychus urticae.
Dissertation, University of Louvain-la-Neuve, Belgium. 298.

Le Goff GJ, Mailleux AC, Detrain C, Deneubourg JL, Clotuche G
et al.,. 2010. Group effect on fertility, survival and silk production
in the web spinner Tetranychus urticae (Acari: Tetranychidae) dur-
ing colony foundation. Bebaviour 147:1169-1184.

Leborgne R, Pasquet A, 1987a. Influence of conspecific silk-structures
on the choice of a web-site by the spider Zygiella x-notata (Clerck).
Rev Arachnol 7(2):85-90.

Leborgne R, Pasquet A, 1987b. Influences of aggregative behaviour on
space occupation in the spider Zygiella x-notata (Clerck). Bebav
Ecol Sociobiol 20(3):203-208.

Li G-Y, Zhang Z-Q, 2021. The costs of social interaction on survival
and reproduction of arrhenotokous spider mite Tetranychus urti-
cae. Entomol Gen 41:49-57.

Li J, Margolies DC, 1993. Effects of mite age, mite density, and host
quality on aerial dispersal behaviour in the two-spotted spider
mite. Entomol Exp Appl 68:79-86.

Linke W, 1953. Investigation of the biology and epidemiology of the
common spider mite Tetranychus althaeae v. Hanst. with particular
consideration of the hop as the host. Hofchen-Briefe Bayer Pflanz
Nachr 6:181-232.

Macke E, Magalhdes S, Bach F, Olivieri I, 2012. Sex-ratio adjustment
in response to local mate competition is achieved through an
alteration of egg size in a haplodiploid spider mite. Proc Biol Sci
279:4634-4642.

Macke E, Magalhdes S, Do-Thi Khan H, Luciano A, Frantz A et al.,
2011. Sex allocation in haplodiploids is mediated by egg size:
Evidence in the spider mite Tetranychus urticae Koch. . Proc Roy
Soc B Biol Sci 278(1708):1054-1063.

Margolies DC, Kennedy GG, 1985. Movement of the two spotted spi-
der mite, Tetranychus urticae, among hosts in a corn-peanut agroe-
cosystem. Entomol Exp Appl 37:55-61.

McGregor EA, 1950. Mites of the family Tetranychidae. Am Midl Nat
44:257-420.

McMurtry JA, Huffaker CB, van de Vrie M, 1970. Ecology of
Tetranychid mites and their natural enemies: a review. I
Tetranychidae enemies: their biological characters and the impact
of spray practices. Hilgardia 40:331-390.

Oku K, Magalhdes S, Dicke M, 2009. The presence of webbing affects
the oviposition rate of two-spotted spider mites, Tetranychus urti-
cae (Acari: Tetranychidae). Exp Appl Acarol 49:167-172.

Osakabe MH, Isobe H, Kasai A, Masuda R, Kubota S et al., 2008.
Aerodynamic advantages of upside-down take-off for aerial dis-
persal in Tetranychus spider mites. Expl Appl Acarol 44:165-183.

Reed JM, Dobson AP, 1993. Behavioural constraints and conservation
biology: conspecific attraction and recruitment. Trends Ecol Evol
8:253-256.

Royalty RN, Phelan PL, Hall FR, 1993. Comparative effects of
form, colour, and pheromone of twospotted spider mite quies-
cent deutonymphs on male guarding behaviour. Physiol Entomol
18:303-316.

Sabelis MW, 1985. Predation on spider mites. In: Helle W, Sabelis MW
eds. Spider Mites, Their Biology, Natural Enemies and Control.
World Crop Pests, vol 1B. Amsterdam: Elsevier. 103-129.

Sabelis MW, Bakker FM, 1992. How predatory mites cope with the
web of their tetranychid prey: a functional view on dorsal chaeto-
taxy in the Phytoseiidae. Exp Appl Acarol 16:203-225.

Current Zoology, 2024, 70, 795-802

Saffre F, Furey R, Krafft B, Deneubourg JL, 1999. Collective decision-
making in social spiders: dragline-mediated amplification process
acts as a recruitment mechanism. | Theor Biol 198(4):507-517.

Saito Y, 1977. Study on the spinning behaviour of the spider mite
(Acarina: Tetranychidae). I. Method for the quantitative evaluation
of the mite webbing, and the relationship between webbing and
walking. Jpn | Appl Entomol 21:27-34.

Saito Y, 1979. Study on spinning behavior of spider mites. II. Responses
of mites to webbing residues and their preferences for particular
physical conditions of leaf surfaces (Acarina: Tetranychidae). Jpn |
Appl Entomol Zool 23:82-91.

Schausberger P, Yano S, Sato Y, 2021. Cooperative behaviors in
group-living spider mites. Front Ecol Evol 9:745036.

Schmidt KA, Dall SRX, van Gils JS, 2010. The ecology of information:
an overview on the ecological significance of making informed
decisions. Oikos 119:304-316.

Schuck-Paim C, Alonso WJ, 2001. Deciding where to settle, conspecific
attraction and web site selection in the orb-web spider Nephilengys
cruentata. Anim Bebav 62(5):1007-1012.

Stamps JA, 1994. Territorial behavior: testing the assumptions. Adv
Study Behav 23(173):232.

Stephens PA, Sutherland WJ, 1999. Consequences of the Allee effect
for behaviour, ecology and conservation. Trends Ecol Evol
14(10):401-405.

Tien NSH, Sabelis MW, Egas M, 2009. Heritability of defence and
life-history traits in the two-spotted spider mite. Evol Ecol Res
11:1271-1281.

Tinsley Johnson E, Feder JA, Bergman TJ, Lu A, Snyder-Mackler N
et al., 2021. The Goldilocks effect: female geladas in mid-sized
groups have higher fitness. Proc Biol Sci 288:20210820.

Van Impe G, 1985. Contribution a la Conception de Stratégies de
Contréle de I’Acarien Tisserand Commun, Tetranychus urticae
Koch (Acari: Tetranychidae). PhD thesis, Université Catholique de
Louvain, Louvain. 283.

Vinson SB, 1998. The general host selection behavior of parasitoid
Hymenoptera and a comparison of initial strategies utilized by lar-
vaphagous and oophagous species. Biol Control 11(2):79-96.

Vollrath F 1987. Growth, foraging and reproductive success. In:
Nentwig W editor. Ecophysiology of Spiders. Berlin, Heidelberg:
Springer. 357-370.

Weerawansha N, Wang Q, He XZ, 2022. Comparing the effects of
social environments and life history traits on sex allocation in a
haplodiploid spider mite. Syst Appl Acarol 27(10):2123-2130.

Weerawansha N, Wang Q, He XZ,2023. Local mate competition model
alone cannot predict the offspring sex ratio in large and dense pop-
ulations of a haplodiploid arthropod. Curr Zool 69(2):219-221.

Wong JWY, Meunier J, Kolliker M, 2013. The evolution of parental
care in insects: the roles of ecology, life history and the social envi-
ronment. Ecol Entomol 38:123-137.

Wybouw N, Van Reempts E, Zarka ], Zélé F, Bonte D, 2023. Egg pro-
visioning explains the penetrance of symbiont-mediated sex alloca-
tion distortion in haplodiploids. Heredity 131:221-229.

Yano S, 2004. Does Tetranychus wurticae (Acari: Tetranychidae) use
flying insects as vectors for phoretic dispersal? Exp Appl Acarol
32:243-248.

Yano S, 2008. Collective and solitary behaviors of two-spotted spider
mite (Acari: Tetranychidae) are induced by trail following. Ann
Entomol Soc Am 101:247-252.

Yano S, 2012. Cooperative web sharing against predators promotes
group living in spider mites. Behav Ecol Sociobiol 66:845-853.
Young SSY, Wrensch DL, Kongchuensin M, 1986. Control of sex ratio

by female spider mites. Entomol Exp Appl 40:53-60.

Zhang Z-Q, Henderson R, Flynn A, Martin NA, 2002. Key to
Tetranychidae of New Zealand. Landcare Research Contract
Report: LC0102/144. 62.

Zhou P, He XZ, Wang Q, 2018. Sons from virgin mothers pro-
duce more daughters in a haplodiploid mite. Syst Appl Acarol
23(9):1869-1878.



	Conspecific cues mediate habitat selection and reproductive performance in a haplodiploid spider mite
	Materials and Methods
	Mite colony and experimental conditions
	Preparation of mites for experiments
	Experimental procedures
	Statistical analysis

	Results
	Dispersal and settlement
	Reproduction

	Discussion
	Acknowledgements
	References


